1. The effects of birth weight, intra-uterine nutritional status and protein and energy intake on whole-body protein turnover, and skeletal muscle protein breakdown were examined in 40 premature infants.
Introduction
Human premature infants -have limited reserves, particularly of protein and energy [1,21. They are also immature in a number of physiological [3] and biochemical [41 systems and this makes feeding a complex matter [3]. Our earlier studies of the protein metabolism of premature infants showed that they had an intensely active wholebody protein metabolism which, on a unit weight basis, was approximately eight times higher than in young adults 151. There was a correlation between whole-body protein turnover and the protein and energy intake of premature infants. However, the study had not been designed to examine separately the effects of protein and of energy intake. Nor had any attempt been made to explore the possible difference in protein metabolism due to birth weight and intra-uterine nutritional status. The present study therefore examines the effect of these factors on the whole-body protein turnover of the premature infant.
Methods

Subjects and diet
Forty premature infants were divided into eight subgroups for study with five infants allocated to each subgroup, on the basis of birth weight (above or below 1500 g), intra-uterine nutritional status (appropriate-for, or small-for, gestational age, AGA or SGA) and by diet. The clinical characteristics of these infants are shown in Table  1 . Two diets were used; the first was a highprotein infant formula based on cow's milk, with casein as the main contributor to protein, in a formula with 2.8 g of protein and 326 kJ/dl. The second diet was obtained by adding 3 ml of medium-chain triglyceride oil to each decilitre of the formula so that the final protein and energy contents were 2.7 g of protein and 414 kJ/dl. For convenience, we have called the diets Milk and MCT respectively. All infants were started on either diet from birth and the volume of feed increased as tolerated. Protein and energy intakes over the period of study are shown in Table 2 . The Milk group took significantly more protein:
5-1 g (cf. 4.3 g day-' kg-') (P < 0.01) and less energy: 581 kJ (cf. 657 kJ day-' kg-') (P < 0.01) than the MCT group.
Procedures
The studies were approved by the Human Experimentation Committees of both the Jewish General Hospital and the Montreal Children's Hospital, and informed written consent was obtained from the parents. Nitrogen balance (36 h) and whole-body protein turnover studies were performed once the infants were clinically stable and ingesting approximately 502 kJ day-' kg-'. Details of the techniques used for nitrogen balance in premature neonates have been published previously [51.
Gestational age was assessed, by at least two of the authors, by the criteria of Dubowitz, Dubowitz & Goldberg [61. When a discrepancy existed between the clinical assessment and the obstetrical data the clinical evaluation was taken as the estimate of gestational age. Postconceptional age at study was calculated (in weeks) by adding gestational age and postbirth age. Infants were assessed as having suffered intra-uterine undernutrition and to be small for gestational age (SGA) if their weight was < 2 SD from the mean for their gestational age, by the intra-uterine growth curves of Usher & McLean [7] . All babies were weighed daily between 07.30 and 08.00 hours on a scale accurate to f 5 g. Weight gain for the study period was calculated over a 4 day period, including the period of nitrogen balance measurement.
Experimental model and isotope administration
To study the dynamic aspects of whole-body nitrogen metabolism, we used the approach described by Picou with the aid of a dual-inlet, double-collector isotope-ratio mass spectrometer (Vacuum Generators, Micromass 602D Winsford, Cheshire, U.K.). With a known enriched standard 0,0265 atom % excess, the coefficient of variation over 9 months of use was approximately 0.5% of the mean, with samples as small as 100 pg of nitrogen. The enriched standard used was chosen since it approximates the peak isotope enrichment in urinary urea nitrogen in our subjects. The level of precision achieved is more than adequate for studies of this kind [ 111.
Data analysis
The "N enrichment of urinary urea was calculated as described previously [51. The [l5N1urea plateau value was determined by visual inspection. In many infants a clearcut isotopic plateau, as found in adult studies, was not seen.
However, in keeping with our previous protein turnover studies in premature infants [51, we calculated the plateau by averaging the last three or four data points (i.e. from 24-36 h of the study) providing the highest value was no more than 25% greater than the lowest value. In fact, the average difference was approximately 14%.
Statistical evaluations were performed with three-way analysis of variance (diet, birth weight and intra-uterine nutritional status), unpaired t-tests and correlation analysis [121.
Results
Nitrogen balance, utilization and weight gain
As a total group, the infants gained 18.1 6.1 g day-' kg-' during the study period, which is close to the mean intra-uterine growth rate [7] . There were no significant differences in weight gain between the eight experimental groups, although there was a tendency (P < 0.1 but >0.05) for the SGA infants to gain more rapidly than the AGA (Table 2 ). There were no significant correlations between either protein or energy intakes and weight gain, nor between nitrogen balance and weight gain.
Protein digestibility (absorption), apparent nitrogen balance, apparent protein biological value and net nitrogen retention are presented in Table 3 . More nitrogen was retained by the infants on the Milk diet; this, however, could be explained by their higher protein intake. Indeed, there was a highly significant (P < 0.001) correlation between nitrogen intake and nitrogen balance within each of the diet groups. There were no significant differences between the diet groups with regard to protein absorption, biological value or net nitrogen retention. Nor were there any differences attributable to intra-uterine nutritional status with regard to these three parameters of protein absorption and utilization. Conversely, the smaller babies, those with birth weight < 1500 g, absorbed protein less well than There were significant differences (P < 0.01) in more efficiently (apparent biological value) than total-body nitrogen flux (Q), protein synthesis (S) the larger babies (P < 0-05), with the final result and breakdown (B) attributable to intra-uterine that there were no differences in net nitrogen nutritional status; SGA infants have higher retention between the two birth-weight groups.
turnover rates than AGA infants (Table 4) . 
Birth wt. > 1500 g Neither diet nor birth weight had a significant effect on total-body protein turnover. The infants reutilized endogenous amino acids for protein synthesis efficiently, as reflected by a value of 92.9 If: 2.6 for the percentage of nitrogen flux utilized for protein synthesis (S/Q x 100); see Table 5 . Thus only a mean 7-1% of the total daily nitrogen turnover was excreted from the body. Skeletal muscle breakdown rates were calculated from urinary 3-methylhistidine excretion on the basis that there was 1-7 pnol of 3-methylhistidine/g of skeletal muscle protein [ 131. The smaller infants had significantly higher rates of skeletal muscle protein breakdown (P < 0.05) ( Table 5) . Neither diet nor intra-uterine nutritional status had a significant effect on muscle protein degradation. Skeletal muscle protein degradation represented 9.7 and 4.2% of total-body protein breakdown in the small-and large-birth-weight groups respectively.
The relationship of skeletal muscle protein breakdown to the parameters of whole-body nitrogen metabolism was examined by correlation analysis. There were no significant correlations when muscle breakdown ( S M ) was considered as a single variable; however, once it was expressed as a fraction of whole-body protein breakdown (B), i.e. SM/B, a different picture emerged (Table   6 ). It was particularly interesting to note that, when the data were divided by diet groups, it was evident that the significant relationships were seen only in the Milk group. There are significant differences in protein intake: A < B (P < 0.001); A < C (P < 0.01); B > C (P < 0.01). There are significant differences in energy intake: A < C (P < 0.5); B < C (P < 0.01); A vs B (N.S.)
There are significant differences between the diet groups for Q, S and B; the same differences apply for each of the turnover parameters; thus A > B (P < 0.01) and A > C (P < 0.01) (but B vs C, N.S.).
Diet group
Protein intake Energy intake Total body (no. of (g day-' kg-') (kJ day-' kg-') studies) Relationship between protein and energy intake and rates of total-body nitrogen turnover
Nitrogen flux (Q)
In the present study, at the levels of protein and energy used, there were no significant differences in any of the parameters of wholebody nitrogen turnover between the two diet groups (see Tables 4, 5). A comparison of these two diet groups is shown in Table 7 (diet group B = Milk, C = MCT) with data from our previous study of protein turnover in premature infants (diet group A) [5]. The experimental procedures in this earlier work were identical with the present one; thus we submit that the statistical comparisons made are valid. The formula used in the earlier study was also a cow's milk base, caseinpredominant formula: protein 1.9 g/dl and energy content 326 kJ/dl. The protein intakes on the three diets were all statistically different: A < C < B. There are no differences in energy intake between diet groups A and B, but diet group C received significantly more calories than either A or B. Total-body nitrogen flux, protein synthesis and breakdown are all significantly higher in diet group A than in either B or C.
The effects of diet on the parameters of whole-body nitrogen metabolism and skeletal muscle protein degradation were examined further by correlation analysis. No relationships were seen with energy intake. Conversely, protein intake was inversely related to skeletal muscle breakdown (P < 0-05) and the fraction of nitrogen flux coming from protein breakdown (P < 0.05).
Discussion
Nitrogen balance and utilization
Given the known immaturity of the premature infant's gastrointestinal tract [ 141, particularly the very-low birth-weight premature infant, it is not surprising that their nitrogen digestion and absorption was worse than in the larger premature infants. The differences are not large (88.9 cf. 92.5%) and the smaller babies were able to compensate and utilize absorbed protein more efficiently with the result that there were no differences in net nitrogen retention. The smaller babies also absorbed fat less well, but only to a relatively minor degree (76.0 cf. 82.2% for the larger babies). Several authors [15, 161 investigated the effect of medium-chain triglycerides on fat and nitrogen utilization in premature infants. One of the groups looked at the effect of medium-chain triglycerides at both 40 and 80% of the fat intake [16] ; the other only studied the 80% level [151. Our MCT group was receiving 40% of their fat as medium-chain triglycerides. Tantibhendhyangkul & Hashim's [161 40% MCT group retained more nitrogen than their control group (as did their 80% MCT group). They do not, however, report complete nitrogen balance data and rely on urinary nitrogen output per milligram urinary creatinine. The protein source for their studies was the same as our own, from cow's milk. Conversely, Roy et al.
[15] used a formula made from a casein hydrolysate and 80% medium-chain triglycerides. They were able to show that the replacement of long-chain triglycerides with those with medium chains resulted in better nitrogen absorption and retention. Our nitrogen absorption and retention figures were similar to those on their control diet made of the casein hydrolysate and long-chain triglycerides. We were unable to show any improvement of nitrogen absorption or utilization with the addition of medium-chain triglycerides to a level of 40% of the fat intake, although fat absorption was approximately 15% higher in the MCT diet group (P.B. Pencharz, M. Masson, F. Desgranges & A. Papageorgiou, unpublished work).
All eight study groups retained nitrogen in excess of intra-uterine accretion rates 121. Indeed, our own work [51, and that of others [171, has shown that there is a linear relationship between nitrogen intake and balance in the premature neonate at least up to a protein intake of 6 g day-' kg-'. Rapid changes occur in body composition during the growth of a preterm infant [21; specifically, an increase in the protein content of lean tissue, with a concomitant decrease in body water, and an increase in adipose tissue. Thus the absence of any correlation between weight gain and either formula intake or nitrogen balance may perhaps be accounted for on the basis of changes in body composition.
Whole-body nitrogen turnover and skeletal muscle protein breakdown
The present study has provided several insights into the nitrogen metabolism of premature infants. Total-body nitrogen flux was 26% higher in the SGA group, similarly protein synthesis and breakdown were increased by 26 and 35% respectively.
Picou & Taylor-Roberts 181, with the same experimental approach, showed that the protein turnover rates of 10-20 month old infants, when being treated for malnutrition, were approximately double those measured in the same infants after recovery from their undernutrition. It is possible, then, that the SGA infants show the same adaptation in whole-body nitrogen metabolism as they recover from intra-uterine growth retardation.
Our previous studies in neonates [51 had suggested a relationship between both protein and energy intakes and the regulation of whole-body protein metabolism. More recent studies in parenterally fed very-low birth-weight neonates [181 suggest that energy intake affects protein synthesis whereas protein quality affects protein degradation. During the recovery of infants from protein-energy malnutrition, Golden, Waterlow & Picou [ 191 have shown a correlation between whole-body protein turnover and energy intake, but no effect of protein intake. Studies in obese adolescents 1201, obese adults [21] and intravenously fed normal adults [221 have demonstrated effects of both protein and energy intakes on whole-body protein turnover. These latter studies all investigated the effects of reducing energy and or protein intakes to subrequirement levels. In the present study we examined the effect of protein and energy intakes at or above requirement levels on whole-body protein turnover and skeletal muscle protein breakdown. Our study design, with two formulae of different energy/protein ratios, permits a separation of protein effects from energy effects. These effects were examined initially by analysis of variance (Table 4 ) (no significant dietary effects were shown) and then by correlation analysis. Energy appears to have no effect on the parameters of protein metabolism at the levels of intake used in this study. Protein intake, however, appeared to reduce the fraction of total nitrogen flux that comes from endogenous body breakdown, possibly by reducing skeletal muscle degradation.
A further attempt was made to examine the effects of the level of protein intake on wholebody protein metabolism by comparing the present study with our previous study of orally fed neonates [51 (Table 7) . When diet group A was compared with diet group B it was apparent that there were no differences in energy intake, but about a 50% difference in protein intake, and a similar but inverse difference in protein turnover. The absence of any difference between diet groups B and C (Milk and MCT) had already been demonstrated by analysis of variance (Table  4) . Diet group A was also compared with groups B and C in terms of birth weight, intra-uterine nutritional status, study weight, age at study and postconceptional age at study, to seek an alternative explanation for the differences between the previous work and the present study. None was found. There are several reasons to question the comparability of the two studies including the small numbers in group A and their investigation during the first few days of life in the original work.
Babson [23] suggests, on the basis of growth and nitrogen balance studies, that the cow's milk protein requirement for premature infants is between 3 and 4 g day-' kg-'. The data shown in Table 7 , if truly comparable, suggest that premature infants adapt to a lower, but adequate protein intake by more intensive reutilization of endogenous amino acids. Yet increasing the protein intake from 4.3 g to 5.1 g day-' kg-' resulted in no significant change in protein turnover. This may be tentatively interpreted as evidence that the lower limit of protein requirement for premature infants is less than 4 -3 g day-' kg-'. The relationship between protein intake and nitrogen balance is linear between these three levels of protein intake and thus is of limited use in the determination of protein requirements. Reducing the protein intake of adults to below requirement levels results in a marked reduction in protein turnover [21] . The level of protein intake for group A was adequate P . B. Pencharz et al.
although less than the other two groups and it is important to realize that premature infants are growing and developing rapidly. Their regulation of protein metabolism may differ from that of older children and adults. We have observed a similar increase in protein turnover in enterally fed 1500-2000 g premature infants, fed a lower but adequate protein intake (P. Pencharz, L. Farri & A. Papageorgiou, unpublished work).
Urinary 3-methylhistidine excretion has been widely used as a measure of myofibrillar muscle protein breakdown [ 131, although the quantitative importance of non-muscle sources of 3-methylhistidine has more recently been raised [24] . It is recognized that the sarcoplasmic and myofibrillar proteins are probably degraded at different rates [251; however, for purposes of simplicity and comparison, we have chosen to express our results on a whole-muscle basis. Ballard, Tomas, Pope, Hendry, James & MacMahon [261 have reported their results of muscle protein degradation rates in very-low birth-weight human infants. Their results, recalculated on the basis of a muscle 3-methylhistidine content of 1.7 ,umol/g of protein, are similar to our own for the group <1500 g birth weight (1.49 cf. 1.23 g day-' kg-').
We were unable to demonstrate any effect of diet (Milk or MCT) on skeletal muscle protein breakdown nor were we able to show any relationship between muscle protein metabolism and the parameters of whole-body protein turnover. However, when muscle degradation rates were expressed as a fraction of total body breakdown rate, there was a highly significant negative relationship shown with whole-body protein turnover in the Milk group (Table 6 ), but none in the MCT group. Considered by diet group, skeletal muscle degradation rate alone had no significant correlation with the parameters of protein turnover. Since medium-chain triglycerides have been shown to be metabolized principally in the liver 1271. It is probable that they were altering both the protein turnover in the liver and the balance of protein metabolism between skeletal muscle and visceral organs. These changes clearly warrant further investigation.
